Measurement of the retention of dissolved nutrients in riparian areas with snowmelt runoff are much less common than for rainfall runoff, but low rates of uptake or the release of nutrients with snowmelt have been attributed to frozen soils, lower biotic uptake, and release of nutrients from senesced vegetation. In the research presented here, we evaluate whether the potential for uptake of dissolved reactive phosphorus (DRP) and NO 3 -differ significantly between snowmelt and summer seasons with flow through 13 riparian buffers downstream of cropland in Manitoba, Canada. Flow-through buffers in small channels are typical in this landscape, and pulsed releases of a conservative tracer and dissolved nutrients were used to measure uptake rates. Although mean uptake rates of NO 3 -were higher in summer than for snowmelt, responses varied widely. Aerial uptake rate of DRP showed a significant negative relationships with soil Olsen-P (r 2 = 0.54, p < 0.001) and a P saturation index (r 2 = 0.48, p < 0.001) across both seasons. Biological processes may be of greater importance for NO 3 -retention, but DRP retention appears to be driven by adsorption-desorption regardless of season. Olsen-P is identified as a good indicator of potential for release or retention of DRP in riparian buffers with fine-textured calcareous soils, for both snowmelt and summer seasons. Soil testing may be a good tool to aid in the siting of new buffers and to track the effectiveness of management interventions to remove P from riparian areas, such as harvest of vegetation.
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Seasonality of Phosphorus and Nitrate Retention in Riparian Buffers
Sanjayan Satchithanantham, Blair English, and Henry Wilson* S urface runoff originating from agricultural land can act as a significant source of nitrogen (N) and phosphorus (P) to downstream waterbodies (Tetzlaff et al., 2015; Carpenter et al., 1998) . Vegetated riparian buffers at the interface between cropland and stream ecosystems are implemented in many agricultural watersheds in an effort to intercept sediment, particulate bound nutrients, and dissolved nutrients from agricultural runoff. Riparian buffers can be effective in the retention of sediment and particulate bound nutrients (Owens et al., 2007; Kröger et al., 2013) . Riparian buffers have also proved effective in the retention of dissolved nutrients where sorption to soils or uptake by vegetation occur and where flow path and potential for infiltration are conducive to these forms of retention (Dosskey et al., 2010) . However, the potential for release of retained nutrients may increase over time as a result of saturation, particularly for P (Dodd and Sharpley, 2015; Kröger et al., 2013) .
The majority of research into riparian buffer effectiveness has focused on rainfall-driven runoff, so drivers of effectiveness in snowmelt-dominated agricultural regions remains more uncertain. It has been suggested that reduced infiltration due to frozen soil condition and dormancy of vegetation during snowmelt runoff are likely to reduce the potential for both sorption and vegetative uptake (Habibiandehkordi et al., 2017; Sheppard et al., 2006; Väänänen et al., 2006) . Where changes in concentration of P moving through multiple riparian buffers has been measured during snowmelt, the observed changes have been highly variable, with both increases and decreases observed within the same region (Habibiandehkordi et al., 2017) , and experimental release of 32 P during snowmelt has indicated that P retention is primarily associated with sorption in the soil. Those factors controlling nutrient retention in riparian buffers during snowmelt have yet to be fully defined; however, this information is required to identify whether design or management of buffers could be altered to increase retention in cold climate agricultural regions. In the current study, the potential for uptake of nitrate (NO 3 -) and dissolved reactive P (DRP) was measured for runoff moving through riparian buffers of perennial vegetation in Manitoba, Canada, with differing soil chemistry, and under both summer and snowmelt conditions.
Materials and Methods
Nutrient pulse release experiments were used to measure NO 3 --N and DRP uptake at 13 riparian buffers receiving runoff from cropland in southern Manitoba, with measurements repeated during both snowmelt and in summer for a subset of the sites (18 experiments in total). Concentrated flow of most water through preferential flow paths when moving through riparian buffers is typical of the region (Stewart et al., 2010) and of snowmelt in other regions (e.g., Poland, Banaszuk et al., 2013) . For this reason, measurements of uptake potential were focused on flow passing through riparian buffers along preferential flow channels. The riparian buffer sites included in the study were selected to have unharvested perennial vegetation and no noticeable lateral flow inputs; the length of reaches studied ranged between 40 and 140 m. Vegetation at the sites was classified based on the dominant vegetation group (grasses or trees) as noted in Table 1 . Soils at study sites were characteristic of southwestern Manitoba and were Chernozems formed on calcareous parent material . Soils at each study site were fine textured and classified as either clay or clay loam. The chemistry of soil in the top 15 cm within the flow channels studied at each site was characterized using a composite sample created by combining samples collected at four locations evenly spaced within each reach. The samples were collected in the fall of 2017 when all sites were easily accessible.
Chemical Analysis of Soil
Soil samples were analyzed to determine sodium bicarbonate extractable P (Olsen-P) and KCl -extractable NO 3 --N. Potassium, Ca, Mg, Na, Al, and cation exchange capacity were determined using ammonium acetate extraction. Iron was extracted using diethylenetriaminepentaacetic acid (DTPA) and measurement by inductively coupled plasma-atomic emission spectroscopy (AGVISE Laboratories). Degree of P saturation (DPS) was calculated for study soils similarly to the method suggested by Ige et al. (2005) for neutral and calcareous soils; however, ammonium acetate extractable Ca + Mg were used rather than Meylik3 extractable Ca +Mg. In the current study, DPS was estimated as follows: DPS = Olsen-P/[0.2×(ammonium acetate extractable Ca +Mg)]×100
Tracer and Nutrient Release Experiments
The uptake of NO 3 -and phosphate (PO 4 ) in runoff flowing through riparian buffers was measured using short-term nutrient pulse release experiments (Supplemental Fig. S1 ) during snowmelt and with simulated rainfall runoff ( Table 1) . Snowmelt experiments were completed during naturally occurring runoff, but because conditions are typically dry in summer, summer runoff was simulated by pumping water from the receiving streams, with water intake being located upstream of the point of entry for the preferential flow path being studied. During each experiment, a concentrated solution of NO 3 -and DRP (as KNO 3 -and KH 2 PO 4 ) and a conservative tracer (NaCl) were released as a nutrient pulse. The solution was released in locations where the water flow was sufficient to ensure adequate mixing just upstream of each flow path being studied. The volume of solution added was defined based on flow at each location as estimated using a handheld velocity meter and to achieve a target peak concentration above background of 0.15 mg L concentrations observed in runoff from cropland upstream of study sites in previous years (1.5 mg L -1 for DRP and 20 mg L -1
for NO 3 --N; Wilson, unpublished data, 2013) . These targets were selected to keep increases in concentration as small as possible while ensuring a detectable increase in concentrations above background . Given the challenges of measurement of velocity in shallow flow channels with ice, and differences in observed background concentration, the actual peak concentrations achieved during snowmelt runoff experiments were variable (Supplemental Table S1 ), but for both DRP and NO 3 --N, significant (p < 0.001) linear relationships with a slope near 1:1 were observed across sites between peak concentration achieved, average concentration during experiment, and background concentration. This indicates that enrichment levels were not disproportionate to background concentration. 
Measurement of Water Chemistry
Concentrations of NaCl related linearly to electrical conductivity and changes in concentration of the conservative tracer were measured based on specific conductance. The relationship between chloride concentration and specific conductance was established using several dilutions of tracer solutions, and this relationship was used to develop a time series of chloride concentration for each release experiment. Measurement of electrical conductivity of the runoff water was performed using conductivity data loggers (Onset Computer Corporation, Model no. HOBO U24-001, www.onsetcomp.com). Conductivity data loggers were placed within the flow path at 10-to 20-m intervals (up to a total of five stations) fully submerged in water and set to log in 10-s intervals. A handheld conductivity meter was also used to indicate the arrival of the tracer in solution at the most downstream sampling location to time the onset and end of sample collection for nutrient analysis.
Depending on buffer width, water samples were collected at a location between 40 and 140 m downstream of the tracer release point. Sampling location was chosen to maximize the length of flow path studied at each location and to allow for complete mixing of solution with runoff water. Collection of water samples was initiated when specific conductance began to increase above background at a location just upstream of that where samples were collected and ended when concentration returned to background level. Samples were frozen until analysis could occur (Avanzino and Kennedy, 1993) using the ascorbic acid method for DRP; NO 3 --N concentration was measured colorimetrically using a flow analyzer equipped with a nitrate reducing coil (Wetzel and Likens, 2000) . At least 12 samples were analyzed from sampling locations so that the break-through curve of the nutrient pulse could be properly constructed. Flow rates of the experimental sites were estimated by a dilution-gauging method using the chloride mass balance between the upstream release point and downstream sampling point (Comina et al., 2013) . Nominal travel time was calculated as the time taken for 50% of the chloride to reach the downstream sampling point . Flow velocity was estimated using the nominal travel time of the chloride and cross-sectional area was calculated using flow rate and velocity.
Measuring Nutrient Retention
The break-through curve was developed for the conservative tracer using data collected with the high frequency conductivity logger and for NO 3 -and DRP with laboratory analysis data. Estimation of nutrient retention was calculated using the mass balance method. Mass retention as a percentage of the tracer input was calculated using the break-through curves. Mass recovery was calculated using the following equation:
where T MR is tracer mass recovery (M), Q is flow rate (L 3 × T -1
), and T C is the time integrated concentration (M × T × L -3
) from the break-through curve (Covino et al., 2010) . Nutrient retention was calculated as mass added minus T MR :
Nutrient retention = mass added − T MR Aerial uptake rate from the mass balance was then calculated based on the flow path area and travel time.
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Streambed area nominal travel time U =Th e influence of season (snowmelt vs. summer runoff ) was evaluated by t test comparison of means. The influence of season was also evaluated with a paired Wilcoxon signed rank test based on data from five sites where uptake was measured under both snowmelt and summer. The influence of site characteristics (including soil properties) on uptake rates was evaluated using linear regression.
Results and Discussion
In total, 18 field experiments were completed in 2014 or 2015. At five sites, experiments were completed during both snowmelt and summer seasons, making the total number of buffers at which experiments were completed 13. Conditions observed at each site during experiments including flow path length, flow, flow velocity, cross-sectional area, and water temperature are given in Table 1 . As is typical of agricultural runoff in the study area, background concentrations were relatively high with both snowmelt and summer for NO 3 --N (2.97 ± 0.59 and 0.20 ± 0.06) and DRP (0.52 ± 0.10 and 0.39 ± 0.10).
Mass Retention and Uptake
For both snowmelt and summer, the percentage mass retentions for NO 3 --N (0.15 ± 0.5% and 0.10 ± 0.17%) and DRP (-0.61 ± 1.4% and 0.065 ± 1.13%) were not significantly different from 0%. The average uptake rate across sites for NO 3 --N was higher during summer (2.17 ± 3.55 mg m -2 min -1
) than for snowmelt (-1.64 ± 5.7 mg m -2 min -1
), but averages in both seasons did not differ significantly from zero. For both seasons, DRP release was observed to be on average -0.42 ± 1.37 mg m -2 min -1 for snowmelt and -1.24 ± 3.33 mg m -2 min -1 for summer. This pattern is similar to that observed by Habibiandehkordi et al. (2017) when measuring P concentration changes in water passing through buffers in Manitoba during snowmelt and suggests that riparian buffers in the region do not currently act as a strong source or sink of nutrients. However, these results also indicate a high degree of variability in potential for nutrient retention across riparian buffer sites in Manitoba. Given the extensive area covered by riparian buffers or that would be suitable for the establishment of new buffers in the region (Stewart et al., 2010) , it is important to further quantify the characteristics of buffers with higher rates of retention to inform management decisions to increase retention at a regional scale.
The influence of concentration of DRP or NO 3 --N on nutrient uptake has been extensively studied in stream ecosystems and the average distance traveled by a nutrient when released into a stream reach prior to uptake and overall rates of uptake tend to increase with concentration in the water column (von Schiller et al., 2011) . Given that the relationship between stream spiraling metrics and concentration is typically linear the Tracer Additions for Spiraling Curve Characterization (TASCC) can be used in most fluvial systems to calculate uptake rate at ambient concentration from data collected during pulsed release experiments (Covino et al., 2010 ). In the current study, overall release rather than retention was observed at a large number of riparian buffer sites and both concentration and release were indicated by NO 3 --N/Cl and DRP/Cl ratios, suggesting different mechanisms for control of uptake than in most stream ecosystems. For these reasons, calculation of stream spiraling metrics and extrapolation to identify uptake at ambient concentration was not completed for the current riparian buffer dataset.
In a variety of stream systems, negative uptake rates (release) have been observed (Earl et al., 2007; Haggard et al., 2005; Hanafi et al., 2006; von Schiller et al., 2015) , and it has been suggested that the biological mechanisms governing uptake and release are near balance over time (Peterson et al., 2001 ). Saturation of abiotic sorption sites and lack of biological nutrient limitation where concentration is high relative to demand may also be important and have been suggested as causing net release of N and P in some Mediterranean streams (Earl et al., 2007) and of P release during seasons, like snowmelt, with low biological nutrient demand (Meals et al., 1999; von Schiller et al., 2011) . Together, these patterns suggest that the biological processes that define nutrient uptake rate in many stream ecosystems may be exerting weaker control in channelized flow through riparian buffer channels. Abiotic adsorption and desorption may be a dominant process, particularly during snowmelt when biological demand is lower and for DRP (Davis and Minshall, 1999; Väänänen et al., 2006) . In addition, it has been suggested that the importance of biological uptake of DRP is lesser for short-term additions and at higher concentrations because saturation of these pathways occurs at relatively low concentration (Macrae et al., 2003) .
Seasonality of Nutrient Retention
When uptake rates or percentage of mass retention were compared between experiments completed during snowmelt and summer seasons, statistically significant differences were not observed for either NO 3 --N or DRP, although the mean uptake rate for nitrate was typically higher in summer than in spring. When seasonal differences were compared using a paired Wilcoxon signed rank test for only those five sites where measurements were possible during both seasons, the difference between groups was weakly significant (p = 0.09) for NO 3 --N with release during snowmelt (-4.68 ± 5.28 ). Given the high degree of variability of uptake observed between sites, it appears that further replication of seasonal experiments and over a wider range of time may be required to fully characterize the seasonality of nutrient retention. However, the results presented here suggest that potential for retention of NO 3 --N is likely greater under warmer conditions that may favor denitrification (Hernandez and Mitsch, 2007) and biological uptake (Norton and Veselý, 2003) . For DRP, a lack of clear seasonal pattern further suggests that abiotic adsorption and desorption may be the dominant uptake and release processes in the riparian buffers studied.
The Influence of Buffer Site Characteristics and Soil Properties on Nutrient Retention
No significant relationship was observed between site hydraulic characteristics, background concentration, temperature, or site vegetation and rates of uptake-release of either NO 3 -or DRP. For NO 3 -, uptake and release rates were also not well predicted by those soil properties measured. This trend in combination with the general tendency toward higher rates of uptake in summer suggests that further characterization of biological controls of uptake through buffers in the region may be required. A significant relationship was observed between rate of uptake or release and both Olsen extractable phosphate (r 2 = 0.54, p < 0.001, n = 17) and DPS (r 2 = 0.48, p < 0.001, n = 15) for the top 15 cm of soil within the flow channel at each site (Fig. 1) .
Soils at all sites were fine textured, with ammonium acetate extractable Ca + Mg measurements indicating similarly high P sorption capacity (mean = 217 ± 17 mmol). For this reason, most observed variation in DPS appears to be a function of P present in the soil. Overall, the observed pattern between soil P and rates of uptake or release in flow through riparian buffers suggests reduced potential for adsorption and increased likelihood of release of dissolved P to runoff as P in the top 0 to 15 cm of soil of the buffer increases. This pattern is present throughout both snowmelt and summer months and regardless of vegetation type. A similar pattern of increased release of P from buffers where P accumulates over time has been observed in regions where rainfall runoff dominates annual hydrology (Dodd and Sharpley, 2015; Kröger et al., 2013) . For riparian buffers with soil Olsen P levels below 25 mg kg -1 in fine-textured, calcareous soils, DRP is likely to be adsorbed rather than released. However, buffers are likely to act as a net source rather than sink of P in runoff where P retained over time has elevated soil P or where new buffers are established on higher P soils. For this reason, management of riparian buffers to reduce soil P where possible is likely to improve the potential for retention of P. Reduced losses of P to snowmelt with flow through riparian buffers has been observed following long-term (10-yr) grass harvesting from sites in Finland (Uusi-Kämppä 2005), suggesting harvest of P removed from the soil by vegetation may be an effective approach to improving retention in cold climates. However, cost effectiveness of implementation and accessibility of buffers for harvest are important considerations that remain to be addressed.
Conclusions
In cold climate agricultural regions with fine-textured calcareous soils, like those included in the present study, the retention and release of NO 3 -and DRP from agricultural runoff by riparian buffers appear to be controlled by differing processes. During summer months greater likelihood for NO 3 -retention in riparian buffers was observed, but during snowmelt a greater likelihood of release was observed. It appears that biologically driven uptake may be of greater importance for NO 3 -than for DRP. For this reason, further research is required to define how riparian vegetation and soil biochemistry influence seasonal NO 3 -uptake and to define how agricultural management decisions could be designed to increase retention. Regardless of season of runoff, a clear shift toward release of DRP with elevated Olsen-P and DPS suggests control by abiotic sorption and desorption. High soil P and tendency toward release rather than retention is common in southern Manitoba, and reduction of P loading to regional waterbodies such as Lake Winnipeg through the preservation of riparian buffers seems unlikely without concurrent reductions in loading from upland sources. However, soil testing to identify P saturation may be an effective tool to aid in the siting of new buffers and to monitor the effectiveness of management changes, such as the harvest of vegetation. that might be implemented to remove accumulated P from established buffers.
Supplemental Material
A table summarizing the nutrient concentrations during experiments and images showing examples of experimental sites are provided as the supplemental materials.
